A perfectly defined minimal medium for strain Es 5 of Bifidobacterium bifidum was established. It consists of 3.5 % D-(+)-lactose, 2.5 % sodium acetate, 0.2 % ammonium acetate, 0.25 % dipotassium phosphate, 50 , ig/ ml riboflavin, 50 j g/ml D-pantethine, 50 ng/ml biotin, 0.3 % potassium pyruvate, 0
A perfectly defined minimal medium for strain Es 5 of Bifidobacterium bifidum was established. It consists of 3.5 % D-(+)-lactose, 2.5 % sodium acetate, 0.2 % ammonium acetate, 0.25 % dipotassium phosphate, 50 , ig/ ml riboflavin, 50 j g/ml D-pantethine, 50 ng/ml biotin, 0.3 % potassium pyruvate, 0.1 % L-cysteine-HCI, 0.5 mM MgC12, 1 mM FeC12, 0.5 µM MnCl2 and 50 , tM CaCl2 (pH 6.6). Many auxotrophic mutants were isolated from the strain using this minimal medium.
Bifidobacterium is an exciting microorganism in various ways such as its peculiar morphogenesis, cell division, nutrition, anaerobiosis, biochemical characteristics. However, little is known about the genetics of Bifidobacterium. A good minimal medium and genetically marked strains required for the development of genetic recombination systems have been lacking.
Adequately formulating constituents of culture media for optimal growth of bifidobacteria is intrinsically complicated because Bifidobacterium does not belong to a nutritionally homogeneous group. For example, the semidefined medium described by NORRIS et al. (1) was supplemented with many ingredients known to stimulate the growth of lactobacilli, which supports the growth of bifidobacteria in the bifid phase. In an attempt to simplify the constituents of this complicated medium for the growth of certain strains, HASSINEN et al. (2) investigated the growth stimulating activity of each of the constituents of the Norris medium for four strains of Lactobacillus bifidus with identical nutritional requirements, and determined their minimal nutritional requirements. Then they developed a defined minimal medium for the strains, consisting of dipotassium phosphate, sodium acetate, lactose, ammonium acetate, salts B (MgSO4.7H2O, FeSO4.7H2O, NaCI VOL. 29 and MnSO4 . H20), cysteine, biotin, calcium pantothenate and ascorbic acid. The nutritional adequacy of the minimal medium was demonstrated by the continued good growth of the strains through thirty-one daily transfers in the minimal medium broth. No differences in morphology and in some enzyme activities occurred between cultures grown on the minimal medium and those grown on the complete medium. However, the number and the size of the colonies on plates of the minimal medium were always smaller than those obtained with parallel plating on the complete medium. In the majority of cases inocula from colonies on plates of the minimal medium did not grow when subcultured in the liquid minimal medium, but did grow in the complete medium broth. No explanation for the latter finding is known. Thus, an improvement on their minimal medium for excellent growth of the strain used here is useful for genetical studies, including research for auxotrophic mutants. This article describes the development of the defined minimal medium and isolation of auxotrophic mutants of B. bifidum, employing strain Es 5.
MATERIALS AND METHODS
The strain used. Strain E of Bifidobacterium bifidum employed here was originally named Lactobacillus bifidus E. It was kindly provided by Dr. M. Mutai in Yakult Institute for Microbiological Research, Tokyo, Prior to the experiments several characteristics of the strain were confirmed by us. Fermentation reactions by the use of the BBL Minitek numerical identification system for anaerobes (Baltimore Biological Lab.) were identical to those of B. blfidum. The major fermentation products were determined by gas chromatography to be acetic acid and lactic acid, as a generic trait. For many years the strain displayed characteristic bifidshaped morphology during anaerobic subculturing. Moreover, strain E coincided with biotype a of the species, because it slowly fermented sucrose and melibiose (3) . For the following experiments we carefully established several single cell clones of strain E from isolates using an anaerobic micromanipulation technique (4) . One of these clones, designated Es 5, was used throughout this experiment. Es 5, representing the single cell clone No. 5 of strain E, had been carrying the Y-shaped potentiality during subculturing for many years in our complete media, although it did not always take the Y-shape during the growth cycle. The original strain, the single cell clones and many auxotrophic mutants, all described here as derived from strain Es 5, survived for a long time (more than four years) in a deep freezer at -80° when the organisms of the exponential growth phase were suspended in freshly prepared broth containing 10 dimethyl sulfoxide (Sigma Chem.) as an antifreeze.
A rinsing or diluting buffer. A 1.25 °~ sodium acetate-O.25° ~, dipotassium phosphate reagent, supplemented with 0.1 °o L-cysteine-HC1 before use (pH 6.6), was applied to the organisms without causing rapid decrease of viability (90 survival rate overnight in aluminum capped tubes at room temperature).
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Anaerobic incubation. The organisms were incubated anaerobically in an Anaerobox (Model AZ-125 of Hirasawa Works, Tokyo) with an atmosphere of 10 % carbon dioxide, 80 % nitrogen, and 10 % hydrogen which reacted with residual oxygen in the chamber mediated by grains of the `catalyst' (Baltimore Biological Lab.).
Bacterial growth determinations. Turbidimetry with a Klett-Summerson apparatus with a filter of 660 nm of the main wave length was employed as a measure of bacterial growth. Also colonies were counted by the ordinary method and reported as the number of colony forming units (CFUs), not merely as the number of colonies to avoid exception to the principle of `one viable cell to one colony formation.' Determination of oxidation-reduction potentials. The oxidation-reduction potential (ORP) of the experimental media was measured with a complex electrode (Horiba Co. Tokyo) with a 3.33 M KCl-AgCI system, and recorded without conversion to the normal hydrogen electrode units. Complete medium. After formulating the minimal medium described here, the composition was modified to form a complete medium by adding 2 % proteose peptone (Dif co), 0.5 % yeast extract (Difco) and 0.4 % beef extract (Difco).
Mutagenization and penicillin screening. Cultures at the midexponential phase grown on the complete medium were washed and diluted in 50 mM tris (hydroxymethyl)aminomethane-maleate buffer (pH 9), to give a concentration of 10~ CFUs/ ml. Then N-methyl-N'-nitro-N-nitrosoguanidine was added, according to the modification of conditions reported by ADELBERG et al. (5), to give a final concentration o:f 200 ,ug/ml. After being mutagenized anaerobically for 90 min in a glove box, the organisms gathered on a filter with the bacterial filtration were suspended in the complete broth and allowed to grow to the intermediate stage for two or three generations. Prior to penicillin screening, the segregated organisms in the complete broth were subjected to starvation by anaerobic incubation in the rinsing buffer overnight at 38°. After washing, the organisms were incubated in the minimal medium containing penicillin G to give a concentration of 500 u/ml for 6 hr (6). After releasing penicillin by washing and then holding for 30 min in cool water, the organisms were suspended in the complete broth. The number of cells surviving after the series of treatments was estimated to be 9 x 103/ml. This suspension was divided into several portions and preserved in a deep freezer at -80° for later isolation of auxotrophic mutants. Isolation of auxotrophic mutants. Aliquots of the penicillin screened suspension were diluted and plated on complete agars. The colonies that appeared were replica-plated onto minimal and complete agars. The colonies grown only on the complete agars were tested on minimal agars supplemented with pools of various amino acids, purine and pyrimidine bases, and vitamins, as described by HoLLIDAY (7). After verification and repeated colonial cloning of each phenotype, numbers of auxotrophs were preserved. VOL. 29 
RESULTS
Bifidobacterium bifidum Es 5 did not grow on Hassinen's minimal medium, but grew on the semidefined medium of Norris et al. When constituents of unknown composition such as N-Z-Case (pancreatic digest of casein) and human milk were removed from the Norris agar medium Es 5 made colonies only with difficulty when anaerobically incubated for a couple of days at 38°. In a similarly modified liquid medium, Es 5 did not grow at all, even after incubation for more than a week. Therefore, growth stimulatory substances in the liquid medium were investigated. D-Pantethine stimulated the growth of strain Es 5 when it was added to the Norris modified liquid medium. Subsequently, these constituents in the liquid medium which were required to support the growth of the strain were identified. Adenine, guanine, uracil, xanthine, alanine, tryptophan, asparagine, thiamine-HCI, calcium pantothenate, nicotinic acid, p-aminobenzoic acid, and folic acid, all of which were constituents of the Norris medium, were not required by strain Es 5, so they were omitted from the medium. The residual constituents in the Norris medium were lactose, dipotassium phosphate, sodium acetate, ammonium acetate, riboflavin, biotin, cysteine, ascorbic acid and salts B. These constituents coincided with those of Hassinen's minimal medium, except for pantethine and riboflavin. However, when this minimal medium was employed, the maximal growth of strain Es 5 was limited to approximately the 100 Klett unit level which corresponded to 106 CFUs/ml.
Pyruvic acid is known to be a key substance in fermentation in general and in biosyntheses of various amino acids, and to have certain reducing power. Therefore, the exchangeability of potassium pyruvate for ascorbic acid was examined. Potassium pyruvate was found to be an excellent growth stimulant. Under the optimal concentration of the pyruvate, 0.3 % (see Table 3 ), the growth reached a high level at the 12 hr-incubation period when the cell density was less than 200 Klett units and the viable cell numbers corresponded to 5 x 108 CFUs/ml. After 48 hr-incubation when the cell density was nearly 360 Klett units, the viable cell number was 9 x 107 CFUs/ml (Fig. 1) . Since pyruvate was thought to be useful in our minimal medium, a combination experiment with several reducing agents was designed and the results were shown in Table 1 . The growth of strain Es 5 in this medium was optimal in the presence of both cysteine and pyruvate, and the oxidation-reduction potential in that case was somewhat higher than those for other combinations. That pyruvate alone did not serve as a carbon source was evident when strain Es 5 failed to grow at all in our minimal medium without lactose (Fig.  2) . Optimal concentrations of the three kinds of vitamins required for growth of strain Es 5 were checked and the results were shown in Table 2 . Optimal concentrations of the reducing agents were also checked ( Table 3) . Each of the constituents in salts B was separately evaluated in our minimal medium. Magnesium chloride had the same effect as magnesium sulfate and was sure to stimulate the growth. Ferrous chloride was as stimulative to the growth as ferrous sulfate when it was applied to the medium kept prereduced in the presence of trace amounts of L-cysteine-HCl. Manganese chloride, like manganese sulfate, was slightly effective (Table 4 and Fig. 2 ). Sodium chloride appeared to be unnecessary for the growth of the strain in our minimal medium (Table 4) . Calcium chloride seemed to be a growth accelerator to a certain degree (Table 4 and Fig. 2 ). Other inorganic ions such as Zn2+, Cue+, Co2+, Nit+, MoO42-, SeO42-and WO42-did not accelerate the growth.
To evaluate the respective components of our minimal medium in the growth of strain Es 5, an experiment was designed in which each of the major constituents Minimal medium (Min), 3.5% lactose (Lac), 0.2% ammonium acetate, 2.5% sodium acetate, 0.25% dipotassium phosphate, 0.5 ng/ml biotin (Bio), 0.5 ~~g/ml D-pantethine (PaSS), 0.5 cg/ml riboflavin (Rib), 0.5 mM MgC12 (Mg), 1 mM FeC12 (Fe), 0.5 /IM MnCl2 (Mn), 50 [(M CaC12 (Ca) 0.3% potassium pyruvate (Pyr) and 0.1 % L-cysteine-HC1(Cys) (pH 6.6). Table 2 . Optimal concentration of vitamins in the minimal medium for the growth of Bifidobacterium bifidum Es 5. Three % Bacto-agar (Difco) in DDW are autoclaved and kept hardened until they are needed. Preparation of the minimal liquid medium (pH 6.6) Three volumes of DDW are mixed with 1 volume of 4 x Lac. Each of a hundredth volumes of 100>< Vit, 100 x Pyr,100 x Cys and 100>< Ion is supplemented in this medium. Preparation of the minimal agar medium (pH 6.6) One volume of DDW is mixed with 1 volume of 4 x Lac and warmed at 55°. This solution is further mixed with the same volume of 2>< Agar, previously melted and kept at 55°. Each of a hundredth volumes of 100>< Vit, 100 x Pyr,100 x Cys and 100 x Ion is supplemented in this medium. Plated. The minimal media must be used up in a day for obtaining the maximal growth of the organisms. was omitted one of a time. As shown in Fig. 2 , when previously starved cells kept in the rinsing buffer overnight at 38° were incubated in the minimal medium, the strain began to grow promptly after approximately a 3 hr-initial lag phase. Whatever constituent was left out of the minimal medium, the growth of the strain was reduced or ceased entirely. In this way the constitution of the semidefined medium of Norris et al. was modified to attain maximal growth, at least for strain Es 5.
The details of medium preparation are shown in Fig. 3 . It should be noted that the concentrated solutions for convenient preparation of the minimal medium must be stored under the specified conditions indicated in Fig. 3 and that only freshly prepared media must be used to obtain maximal quantities of the organisms. On our minimal agar medium strain Es 5 made colonies approximate 2 mm in diameter after incubation for a couple of days. These can be subcultured reliably in our minimal liquid medium. No visible changes of fundamental cell shape were observed in our minimal medium, at least at the actively growing phase.
Auxotrophic mutants found in a series of experiments were the following phenotypes : Ura-, Ade-, Gua-, Trp-, Leu-, Glu-, Asp-, 11e, , Arg-, Met-, Thi-for thiamine-HCI, Pyr-for pyridoxamine, Nic-for nicotinic acid and some multiple mutants obtained from repeated mutagenic treatments, and miscellaneous unidentified strains. Reversion rates of the univalent mutants ranged from 10-7 to 10-8, as determined by their ability to grow on the minimal agars. Tryptophan auxotrophs were easy to isolate and were subdivided by an ordinary syntrophism test (8) into three groups among these strains on minimal agars supplemented with limiting amounts of tryptophan. These groupings were confirmed by ordinary verification (8) of the growth response on minimal agars supplemented with each of the intermediates for general tryptophan biosynthesis ( Table  5 ). The tryptophan biosynthesis in B. bifidum Es 5 was thus presumed to operate via anthranilate and indole in this order, so strains N103 may be suffering from 
DISCUSSION
The cells of Bifidobacterium bifidum Es 5 grew only slightly on the agar medium reported by NORRIS et al. (1) from which the constituents of unknown composition were removed. They did not grow in the similarly treated Norris liquid medium. The reason for this remains unclear, but probably some growth stimulatory substances, such as alternative vitamins needed for the growth of the strain, occurs in the agar itself.
The nutritional requirement of the species in the genus Bifidobacterium is known to be complex, varying according to strains. Strain Es 5 studied here certainly belongs to the group requiring the three vitamins, riboflavin, D-pantethine, and biotin. In bifidobacteria, several precursors of coenzyme A or acyl carrier protein have been known to react as growth factors and they differ from each other in different strains (9). Although not all the precursors have been investigated so far, strain Es 5 required D-pantethine or coenzyme A, but not pantothenate or pantate. Therefore, judging from the growth response to those vitamins strain Es 5 seemed to belong to the first group in the B. bifidum reported by YOSHIOKA et al. (9) . An N-substituted D-glucosamine such as N-acetyl-D-glucosamine did not stimulate the growth of the strain (10).
Studies of the effect of pyruvate on bifidobacterial growth has long been neglected. But it has already been employed as one of constituents of the modified BCP plate count agar for simultaneous isolation of lactobacilli and bifidobacteria (I1). Recently TANAKA et al. (12) reported an improved medium for selective isolation and enumeration of Bifidobacterium, and trace amounts of pyruvic acid (0.01 %) were added together with other growth stimulants. However, growth stimulation by pyruvate was weak in their medium, apparently because it was applied at too low a concentration. In our case when pyruvate instead of ascorbate was applied to the minimal medium at the optimal concentration of 0.3 %, strain Es 5 grew vigorously. Since the growth stimulating effect of pyruvate depends on the presence of lactose, its effect can not be induced by the pyruvate acting merely as a carbon source. Besides, when vitamin free Casamino acid (Difco) or a pool of twenty-four kinds of amino acids were supplemented in the minimal medium without pyruvate, strain growth was not enhanced. Therefore, it was clear that no amino acids except cysteine were required as a growth factor for the strain. Pyruvate supplemented in this medium may not play a principal role in the amino acid biosyntheses required to grow the organisms, but probably its effect lies in its weak but optimal power to reduce the medium. We consider that ascorbic acid as a reluctant is too toxic to apply to bifidobacterial media. Whenever strain Es 5 was grown in our minimal medium the change in optical density did not parallel the change in the colony forming units, especially after the stationary growth phase. This was related to the fact that inseparable cell masses were microscopically observable in that phase. In this sense our minimal medium must be considered still insufficient in factor(s) needed for processes such as cell separation. According to the report by HUSAIN et al. (13) , the rate of growth of a mucoid variant of strain Jackson SC-8 of B, bifidum in the minimal medium proposed by HASSINEN et al. (2) was somewhat lower and highly branched forms and pleomorphic features were observed. Moreover, when seventeen kinds of amino acid or N-Z-Case were supplemented in their minimal medium, the growth of the strain became normal and cell shapes became typical, including rods, curved rods and bifid shapes. They further confirmed that the four kinds of amino acid, DLalanine, DL-aspartic acid, L-(+)-glutamic acid, and DL-serene, were the factors keeping the cell shape typical. In our case, the growth of strain Es 5 was stable but the inseparability of cells in late growth periods remained, whether the four kinds of amino acids or vitamin free Casamino acid were added to our minimal medium or not.
The number of auxotrophic mutants and other genetically marked strains found in obligatory anaerobes has gradually increased (14-16). However, to the best of our knowledge, the mutants described in this study are the first examples of auxotrophs isolated from Bifidobacterium. We have not yet succeeded in isolating any bacteriophages specified for B. bifidum Es 5, especially gene transferrable ones, although a description of six kinds of phages in this species has been given by YOUSSEF et al. (17) . The occurence of these mutants will allow further studies on the recombination systems of B. bifidum Es 5 and eventually other related organisms.
